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-BaB2O4 BBO was found to have huge birefringence in the 0.1–1.1 THz frequency region.
Polarized terahertz transmission spectroscopy revealed a n /n value of about 0.120.02. This
result could be related to a polarization-dependent absorption that was observed at about 0.65 THz;
in close agreement with first principles-calculations, showing this to be due to low-frequency
phonon modes of the B3O63-rings. These findings suggest the utilization of the birefringent
properties of BBO for optical parametric devices including amplifiers and oscillators, operating in
the terahertz regime. © 2008 American Institute of Physics. DOI: 10.1063/1.2890727
The terahertz frequency region, spanning the
100 GHz–100 THz range, bridges the gap between electron-
ics and photonics. At present, interest in terahertz research
has grown due to numerous applications in the fields of fin-
gerprint spectroscopy,1 environment monitoring,2 semicon-
ductor and medical imaging,3,4 and even law enforcement.5
Progress, however, has been hindered by the lack of intense
terahertz sources and the size and operational difficulty of
the proposed designs.6 Although some groups have reported
optical solutions for sufficiently intense and tunable solid
state-based terahertz sources,7–9 there is a need to develop
other designs from the optics approach. Moreover, birefrin-
gent materials are an integral part of the optical parametric
devices and should be very important in the study of tera-
hertz sources. Since its discovery in 1984, beta barium borate
-BaB2O4 or BBO has had a tremendous impact in the
field of harmonic generation, frequency doubling, and tun-
able optical parametric oscillators.10–15 Although it has been
reported that its transmission extends from
190 to 3500 nm,11,14 its optical properties for longer wave-
lengths have not gained interest. In this letter, we report on
the optical properties of BBO from 0.1 to 1.1 THz. Prima-
rily, results show that this material is significantly transparent
in this frequency region. More importantly, it was demon-
strated that BBO exhibits birefringence in the terahertz
range. These findings could be important for phase matching
conditions to realize BBO-based terahertz frequency dou-
blers and even optical parametric amplifiers.
A 10101 mm3 thick BBO crystal type I, =90°
was used for the study. The terahertz radiation from an un-
doped bulk InAs with 100 surface immersed in a 1 T mag-
netic field excited by a mode-locked p-polarized Ti:sapphire
laser was used.16 The laser delivered 100 fs duration pulses
at 800 nm wavelength with a repetition rate of 80 MHz, pro-
ducing transients centered at 0.8 THz ranging from 0.1 to
about 1.5 THz. The predominantly p-polarized terahertz ra-
diation was collimated and focused using paraboloidal mir-
rors and the spot size was 0.9 mm on the BBO crystal
surface at normal incidence. Azimuthal dependence of the
broadband transmission was taken using a silicon bolometer
while the azimuthal dependence of the transmission spectra
for 5° steps over 360° were measured using a far infrared
Fourier transform spectrometer fitted with the same bolom-
eter. A wiregrid polarizer was used to ensure a p-polarized
incident terahertz beam for the broadband transmission while
a second polarizer was placed after the BBO sample to com-
pensate for the spectrometer’s polarizing beamsplitter in the
spectroscopy measurements. The spectra were deconvolved
by dividing the raw transmission data with the spectrum
from an aperture whose diameter is equal to the crystal
holder aperture. Moreover, the azimuthal transmission de-
pendence at 800 nm was also taken for comparison.
The azimuthal angle dependence of the transmittance for
800 nm open circles and for the terahertz region closed
circles are shown in Fig. 1. The twofold dependence of
BBO transmission for a 360° rotation implies its birefrin-
gence both in the near-infrared and the terahertz regions. An
analysis of the 90° variation of the transmission using the
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FIG. 1. Azimuthal angle dependence of 800 nm and broadband terahertz
transmission of the BBO crystal, showing birefringence in both cases. The
800 nm transmission data are consistent with expected reflection loss while
the terahertz data necessitate that absorption losses have to be considered.
The 0° orientation coincides with the crystal’s c axis.
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equation for reflection coefficients given by17
R =  n2 − n1n2 + n1
2
, 1
revealed that the measured azimuthal angle dependence of
the 800 nm transmission is within 99% of the expected re-
flection losses for literature values of no and ne.18 Moreover,
the data also confirm that the crystal’s c axis is parallel to the
0° orientation in the experiment. The angular dependence of
the terahertz transmittance does not easily agree with reflec-
tion loss estimates from the calculated terahertz refractive
indices due to the BBO crystal’s polarization dependent ab-
sorption, which will be discussed further.
The semilog plot of the terahertz transmittance spectra
for selected azimuthal angle orientations are shown in Fig. 2,
where the topmost trace is the reference spectrum, showing
water vapor absorption lines. The transmittance traces have
been offset for clarity but it is noted that the BBO crystal has
60% transmittance at 0.35 THz for the 0° orientation, mak-
ing it suitable as a nonlinear medium for InAs-based tera-
hertz emitters. Moreover, the angular dependence of the
transmittance is apparent, where at intermediate orientations
i.e., from 40° to 60° orientations and at their equivalent
orientations, an absorption band at 0.65 THz was ob-
served. This angle-dependent absorption is attributed to low-
frequency phonon modes of the BBO crystal. Previous works
have reported low-frequency Raman-active modes for this
material but no explanations were offered on the observation
of a Raman line at about 20 cm−1.19,20 This azimuthally de-
pendent absorption band that was observed at about
0.65 THz about 21.45 cm−1 is claimed to be vibrations of
the B3O63-rings. To support this, first-principles calcula-
tions of the crystalline vibrations of a BBO crystal unit cell
in the terahertz region were performed using periodic density
functional theory. The lattice vectors were fixed in the opti-
mization of atomic positions.21–23 The two strongest calcu-
lated dipole derivatives at approximately 27 cm−1 are sum-
marized in Fig. 3. Figure 3a illustrates the associated
directions of the vibrational modes of the B3O63-rings and
the dipole derivatives in atomic units for each respective
mode frequency are shown in the inset of Fig. 3b. With the
z and x axes being parallel to the crystal c and a axes, re-
spectively, Fig. 3b shows the projection of the calculated
dipole moments to the y-z plane, where the x axis a axis
coincides with the terahertz radiation propagation direction.
The angular orientation of the projections with respect to the
vertical c axis for the 26.97 and 26.98 cm−1 modes are 46.1°
and 61.9°, respectively. As such, maximum of 0.65 THz ab-
sorption should be observed at orientations parallel to these
angles and in their equivalent directions, as confirmed by
experiment. It is noted that the discrepancy between the cal-
culated and the experimental mode frequency may be due to
the single unit cell model wherein interunit cell interactions
were neglected.
The frequency spacing of the Fabry–Perot fringes in the
terahertz transmission spectra was used to calculate the av-
erage value of the terahertz refractive index of the sample for
different orientations within the covered frequency region,
according to18
n =
c
2d2 − 1cos 
, 2
where c is the speed of light, d is the BBO slab thickness, 
is the angle of incidence, and 2−1 is the frequency spacing
of two adjacent fringe maxima in the 0.3–0.7 THz region.
As these were average refractive index values, it entails that
the BBO dielectric function was assumed to be nondisper-
sive in this region. Although strong dispersion is expected at
0.65 THz, no major deviations in the pitch of the Fabry–
Pérot fringes and in the calculated refractive index values
FIG. 2. Terahertz transmission spectra for selected azimuthal angle orienta-
tions. A strong absorption band at 0.65 THz for the 40° to 60° orientations is
attributed to low-frequency phonon modes of the B3O63-rings. The BBO
crystal exhibits 60% transmittance at 0.35 THz.
FIG. 3. Color online a Illustration of the calculated phonon modes of the
B3O63-rings at about 27 cm−1. b The projection of the calculated dipole
moments to the y-z plane, where the x axis a axis coincides with the
terahertz radiation propagation direction. The angular orientation of the di-
pole derivative projections with respect to the c axis coincides with the
orientation where the absorption at the 0.65 THz band was observed.
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were observed at frequencies below and above the phonon
mode and at angular orientations, parallel to the y-z plane
projection of the dipole moments. This assures that an aver-
age index approximation is acceptable and is supported by
the reasonable agreement of the calculated refractive index
values open circles and the least squares fit continuous
line in Fig. 4 from24
1
ne2
=
sin2
ne
2 +
cos2
no
2 , 3
where no and ne are the ordinary and extraordinary refractive
indices, respectively, while  is the azimuthal angle. A fair
agreement was achieved with no and ne fitting values of
2.790.04 and 2.500.04, respectively. As per standard
values for nonlinear optical crystals, a n /n value of
0.120.02 is a highly significant refractive index contrast.
This birefringence may very well be related to the
polarization-dependent absorption that was presented earlier.
Using the curve-fit values, the terahertz reflection losses for
no and ne propagation were calculated using Eq. 1, assum-
ing no frequency dispersion in this region, and compared
with the broadband terahertz transmission data. The BBO
polarization-dependent terahertz absorption coefficients were
then determined to be 4.30.2 and 9.80.5 cm−1, for ne
and no propagation, respectively. Previous works on low
temperature absorption coefficient measurements of LiNbO3
report three times improvement in transparency at low
temperatures.25 The BBO room temperature absorption coef-
ficients derived here are comparable with the low tempera-
ture LiNbO3 values. It can be inferred that BBO would be
more transparent at low temperatures, making it feasible for
robust terahertz amplifier devices. Finally, its strong birefrin-
gence, high transparency, and guaranteed polarization-
dependent absorption suggest that it can be used as a para-
metric device in the terahertz region after proper geometric
considerations.
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FIG. 4. The angular dependence of the calculated refractive index values are
shown in the open circle trace while the continuous line trace is a least
squares fit. Fitted values for no and ne were 2.790.04 and 2.500.04,
respectively. These values were used to deduce terahertz absorption coeffi-
cients of 4.30.2 and 9.80.5 cm−1 for ne and no propagation,
respectively.
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